After more than 50 years of treating Parkinson's disease with L-DOPA, there are still no guidelines on setting the optimal dose for a given patient. The dopamine transporter type 1, now known as solute carrier family 6 (neurotransmitter transporter), member 3 (SLC6A3) is the most powerful determinant of dopamine neurotransmission and might therefore influence the treatment response. We recently demonstrated that methylphenidate (a dopamine transporter inhibitor) is effective in patients with Parkinson's disease with motor and gait disorders. The objective of the present study was to determine whether genetic variants of the dopamine transporter type 1-encoding gene (SLC6A3) are associated with differences in the response to treatment of motor symptoms and gait disorders with L-DOPA and methylphenidate (with respect to the demographic, the disease and the treatment parameters and the other genes involved in the dopaminergic neurotransmission). This analysis was part of a multicentre, parallel-group, doubleblind, placebo-controlled, randomized clinical trial of methylphenidate in Parkinson's disease (Protocol ID:2008-005801-20; ClinicalTrials.gov:NCT00914095). We scored the motor Unified Parkinson's Disease Rating Scale and the Stand-Walk-Sit Test before and after a standardized acute L-DOPA challenge before randomization and then after 3 months of methylphenidate treatment. Patients were screened for variants of genes involved in dopamine metabolism: rs28363170 and rs3836790 polymorphisms in the SLC6A3 gene, rs921451 and rs3837091 in the DDC gene (encoding the aromatic L-amino acid decarboxylase involved in the synthesis of dopamine from L-DOPA), rs1799836 in the MAOB gene (coding for monoamine oxidase B) and rs4680 in the COMT gene (coding for catechol-O-methyltransferase). Investigators and patients were blinded to the genotyping data throughout the study. Eighty-one subjects were genotyped and 61 were analysed for their acute motor response to L-DOPA. The SLC6A3 variants were significantly associated with greater efficacy of L-DOPA for motor symptoms. The SLC6A3 variants were also associated with greater efficacy of methylphenidate for motor symptoms and gait disorders in the ON L-DOPA condition. The difference between motor Unified Parkinson's Disease Rating Scale scores for patients with different SLC6A3 genotypes was statistically significant in a multivariate analysis that took account of other disease-related, treatment-related and pharmacogenetic parameters. Our preliminary results suggest that variants of SLC6A3 are genetic modifiers of the treatment response to L-DOPA and methylphenidate in Parkinson's disease. Further studies are required to assess the possible value of these genotypes for (i) guiding L-DOPA dose adaptations over the long term; and (ii) establishing the risk/benefit balance associated with methylphenidate treatment for gait disorders.
Introduction
Parkinson's disease affects 41% of the population over the age of 60 (de Lau and Breteler, 2006) . The loss of dopamine production in the striatum (as a result of progressive neuronal degeneration in the substantia nigra pars compacta) is the primary chemical disease marker for Parkinson's disease (Chaudhuri et al., 2009) . Since the introduction of the dopamine precursor L-DOPA in 1969, treatment with this drug has remained the most effective therapeutic strategy in Parkinson's disease (Nutt et al., 2008) . However, the practical value of long-term oral L-DOPA administration is hampered by interindividual variations in the treatment response (i.e. the absolute level of improvement on L-DOPA) (Hauser et al., 2009) and intraindividual variations (i.e. motor fluctuations over time). Moreover, there are still no guidelines for determining the optimal L-DOPA dose in a given patient, which increases the likelihood of incorrect dosage. Better knowledge of pharmacogenetic factors involved in dopamine neurotransmission might enable physicians to determine L-DOPA doses and thus limit L-DOPA-related motor complications.
The occurrence of L-DOPA-related motor complications is related to the progression of neurodegeneration, the absolute dose of L-DOPA and the pulsatile administration of what is a short half-life drug (Fabbrini et al., 1988; de la Fuente-Ferná ndez et al., 2004) . In selected patients, the main treatment for L-DOPA-related motor complications is deep brain stimulation of the subthalamic nucleus (Krack et al., 2003) . Although subthalamic nucleus stimulation improves a patients' quality of life, the long-term benefits are often reduced by the development of incapacitating gait disorders (Krack et al., 2003) . These disorders include gait hypokinesia (slow walking, with a short step length) and freezing of gait (a brief, episodic absence or notable reduction of forward progression of the feet, despite the intention to walk) (Nutt et al., 2011) . We recently demonstrated that chronic, high-dose (1 mg/kg/day) administration of methylphenidate (an inhibitor of SLC6A3) reduces the severity of gait disorders in subthalamic nucleusstimulated patients with advanced Parkinson's disease (Moreau et al., 2012) . In fact, we observed a greater effect in the OFF L-DOPA condition than in the ON L-DOPA condition (i.e. after an acute L-DOPA challenge). Pharmacogenetic factors (particularly those related to SLC6A3) might thus partly explain the heterogeneity of the response to methylphenidate, especially in the ON condition.
We therefore decided to investigate genetic polymorphisms known to have a functional impact on dopamine metabolism. Most of the presynaptic dopamine reuptake occurs through SLC6A3, which is the most powerful determinant of dopamine neurotransmission (Gainetdinov et al., 1998) . The SLC6A3 protein (previously known as DaT1) is encoded by the SLC6A3 gene, which is characterized by repetition alleles [with 3-11 repeats of the 40-bp variable number tandem repeat (VNTR) in the 3'UTR]. The 9-and 10-repeat alleles are the most frequent in patients with Parkinson's disease (Vandenbergh et al., 1992; Uhl, 2003) . However, the functional effect of the SLC6A3 3'UTR VNTR has yet to be established. Hence, we also selected another frequent, functional genetic variant: the SLC6A3 intron 8 VNTR (rs3836790, Int8 VNTR), with two common alleles of five and six repeats. It has been reported that Int8 VNTR is significantly associated with cocaine dependence (Guindalini et al., 2006) . At present, there are no literature data to suggest that the distribution of SLC6A3 rs3836790 differs when comparing patients with Parkinson's disease and control subjects; all of the studies of SLC6A3 rs28363170 have been negative, with the exception of a recent report of a weak, positive association ( Supplementary Table 1 ).
When seeking to analyse the influence of SLC6A3 genotypes, it is essential to control for possible interactions with other genetic factors that are known (or suspected) to influence dopamine metabolism. The major pathway for the synthesis of dopamine from L-DOPA in vivo is decarboxylation by aromatic L-amino acid decarboxylase (encoded by the DDC gene) (Berry et al., 1996) . We previously demonstrated that the overall reduction in the severity of motor handicap during an acute L-DOPA challenge [the area under curve of the Unified Parkinson's Disease Rating Scale (UPDRS) score, measured every 15-30 min] was influenced by the DDC gene variants rs921451 and rs3837091 (Devos et al., 2014) . The main enzymatic pathways in dopamine metabolism involve monoamine oxidase B (MAOB, encoded by the MAOB gene) and catechol-Omethyltransferase (COMT, encoded by the COMT gene). One of the main variants involved in L-DOPA metabolism is the rs4680 VAL158MET in the COMT gene; this variant modifies the enzyme activities and is known to influence the age at onset of Parkinson's disease (Klebe et al., 2013) .
Another frequent gene variant involved in L-DOPA metabolism is rs1799836, in intron 13 of the MAOB gene (Harris et al., 1993) . Although the A!G substitution does not change the protein sequence, it is associated with differences in enzyme activity in vitro and in vivo. It has been shown that MAOB activity is higher in G allele carriers than in A allele carriers (Costa-Mallen et al., 2005) . The influence of these COMT and MAOB genotypes on the L-DOPA response is subject to debate (Lee et al., 2001; Watanabe et al., 2003; Bialecka et al., 2004 Bialecka et al., , 2008 Contin et al., 2005; Corvol et al., 2011) .
We hypothesized that it would be easier to study the association between genotypes and the motor response to L-DOPA during a very standardized, acute L-DOPA challenge than during chronic L-DOPA administration (as the latter is subject to many sources of bias). This assessment might therefore constitute the first step in the investigation of using pharmacogenetic information to guide L-DOPA dose adjustments in clinical practice. Although methylphenidate can reduce the severity of severe gait disorders and the frequency of freezing of gait in Parkinson's disease (Moreau et al., 2012) , the drug's potential cardiac risk and its variable effects in patients (Devos et al., 2013) make it a good candidate for personalized, pharmacogenetics-based treatment in Parkinson's disease. To the best of our knowledge, there are no published reports on the pharmacogenetic modulation of the motor response to L-DOPA and methylphenidate.
Materials and methods
The pharmacogenetic analysis was planned and performed as part of a multicentre, parallel-group, double-blind, placebocontrolled, randomized clinical trial of methylphenidate in Parkinson's disease (Protocol ID:2008-005801-20; ClinicalTrials.gov:NCT00914095) (Moreau et al., 2012) , which was reported in line with the 2010 CONSORT guidelines. The main aspects of the trial are summarized below.
Participants
Patients were prospectively enrolled by 13 movement disorders departments throughout France. We included under-80 adults with Parkinson's disease [diagnosed according to Gibb's criteria (1998) ], subthalamic nucleus stimulation, and mild-tosevere gait disorders (for details, see Moreau et al., 2012) . Briefly, we defined gait disorders as gait hypokinesia (subscore 52 for UPDRS part II item 15) and freezing of gait (subscore 52 for UPDRS part II item 14) in the OFF condition, and score of 2 or more for UPDRS part III item 30 on gait in the ON condition. The main exclusion criteria were gait disorders possibly induced by subthalamic nucleus stimulation, any change in subthalamic nucleus stimulation variables or dopaminergic therapy 90 days before the study or during the study, inability to walk without continuous ambulatory assistance while on treatment, dementia (diagnosed in accordance with the Movement Disorders Society criteria; Emre et al., 2007) , progressing axis I psychiatric disorders (as assessed in a semi-structured interview with a trained psychiatrist), serious or unstable medical disorders, and ongoing treatment with sympathomimetics, monoamine oxidase inhibitors, or opiates. All patients provided written, informed consent to participation before the initiation of any study procedures. The study protocol was approved by the local independent ethics committee of CHRU of Lille approved in 2008 (Protocol ID: 2008-005801-20; ClinicalTrials.gov reference: NCT00914095).
Procedures
The acute levodopa challenge
We performed a standardized, acute L-DOPA challenge in the fasting state and in both OFF and ON L-DOPA conditions. To avoid bias, none of the subthalamic nucleus stimulation parameters were modified, and stimulation was continued throughout the study (including the two acute levodopa challenges). The OFF condition was performed first (at 8.30 am), after overnight withdrawal of L-DOPA and 24 h of withdrawal of dopaminergic agonists. The ON condition was then assessed at 9.30 am. The L-DOPA was administered at 9.00 am and corresponded to 150% of the usual morning L-DOPA equivalent dose used by patients to relieve their symptoms (i.e. the first morning dose of L-DOPA, plus the L-DOPA equivalent dose of the first morning dose of dopamine agonist, plus an additional 50 mg of L-DOPA). The L-DOPA used was immediate-release L-DOPA with 25% benserazide (Roche).
The randomized clinical trial
Patients received placebo or a dose of 1 mg/kg/day methylphenidate (four to eight 10 mg tablets) divided into three doses (at 8.00 am, noon and 4.00 pm). An initial 4-week titration period was used, with an increment of 0.25 mg/kg per week. Tolerability and compliance (assessed in an interview and via pill counts) were checked every 2 weeks. In the event of poor tolerance, the titration phase was extended by 1 week, the dosage was reduced to 0.8 mg/kg/day and study centres were asked to achieve and maintain the highest possible tolerated dose (at least 0.8 mg/kg/day). The last dose of study treatment was administered at 7.00 am on Day 90.
Randomization was balanced by centre. The 1:1 assignment sequence (based on a block size of four and the use of a computer random-number generator) was produced by the Statistics Department at Lille University Hospital. The randomization list was sent to an independent contract research organization (LC2) for preparation and distribution of identical capsules of methylphenidate and placebo. Patients, carers, study staff and investigators were blinded to the group assignments.
Efficacy criteria
We investigated the associations between SLC6A3 rs3836790 (the VNTR in intron 8), SLC6A3 rs28363170 (the VNTR in the 3'UTR), DDC rs921451 (T4C), DDC rs3837091 (insdel AGAG), COMT rs4680 (Val158Met), and MAOB rs1799836 gene variants on one hand and the motor and gait responses to L-DOPA on the other (defined as the difference between the OFF and ON scores during the acute L-DOPA challenge at baseline, i.e. before randomization). The efficacy criteria were the motor UPDRS score (part III), and the number of steps (the trial's primary efficacy criterion) and the completion time in the Stand-Walk-Sit Test (which involves standing up, making a 14 m round trip, and sitting down as quickly as possible; Martínez-Martín et al., 1997) . We also rated the number of episodes of freezing of gait during a sensitive trajectory (Snijders et al., 2012) . The participants performed a standardized gait trajectory with the usual triggers of freezing of gait, composed by gait initiation and termination (self-triggered, cued), narrow turning (360 and 540 turns in different directions, at preferred and maximal speed), walking through narrow space and dual tasking (walking and subtracting serials of three). We took into account freezing of gait severity evaluated by the number and duration of freezing of gait episodes (short episodes of freezing of gait 510 s were rated 1, medium episodes between 10 and 30 s were rated 2, episodes 430 s were rated 3) during the freezing of gait trajectory. The freezing episodes were rated by each investigator in each centre and controlled on the video recording.
The associations between SLC6A3, DCC, MAOB, and COMT genotypes on one hand and the response to methylphenidate on the other was analysed in terms of the changes in motor and gait criteria after 90 days of methylphenidate treatment, as defined by the difference in the above mentioned efficacy criteria between inclusion (Day 0) and Day 90 in both OFF and ON conditions, respectively (to control for the confounding effects of L-DOPA) and with respect to the placebo group. We also tested patients for the association between genotypes and the methylphenidate's effect on gait, as the SLC6A3 variants and COMT Val158Met are reportedly correlated with basal dopaminergic prefrontal activity and thus might interact with the L-DOPA response (Frank et al., 2009; Hoogland et al., 2010) .
All measurements of efficacy criteria were reported on a study-specific case report form in each centre and were subsequently double-checked in a blinded video assessment by two neurologists (C.M. and A.D.). If the video data differed from the case report form data, the mean offline video rating was used in the analysis.
Genotyping
Genomic DNA was extracted from venous blood samples using standard procedures. The SLC6A3 rs28363170 variant was genotyped by PCR in a total volume of 25 ml of AmpliTaq Õ PCR buffer, containing 50 ng genomic DNA, one unit of AmpliTaq Õ polymerase (Applied Biosystems), 1.5 mM MgCl 2 , 250 mM dNTPs, and 15 pmol of the forward primer (5 0 GGTGTAGGGAACGGCCTGAGAG3 0 ) and the reverse primer (5 0 -CTTCCTGGACACGGCTCAAGG-3 0 ). The cycling conditions for amplification were as follows: 5 min at 96 C, 35 cycles of 1 min at 94 C, 30 s at 65 C and 1 min at 72 C, and then an extra 5 min at 72 C. Amplification products were resolved in 2% agarose gels. The SLC6A3 rs3836790 was genotyped under the same PCR conditions, with 15 pmol of forward primer (5 0 -GCACAAATGAGTGTTCGTGCATGTG-3 0 ) and reverse primer (5 0 -AGCAGGAGGGGCTTCCAGGC-3 0 ). We then used 5% polyacrylamide gel electrophoresis to separate the amplification products. The DDC rs921451 was analysed by Sanger sequencing following PCR amplification of a 216 bp DNA fragment, using a 3130XL DNA analyser (Applied Biosystems). The DDC rs3837091 was characterized by measuring the size of the products following DNA amplification by PCR in a total volume of 25 ml of AmpliTaq PCR buffer, containing 50 ng genomic DNA, one unit of AmpliTaq polymerase, 1.5 mM MgCl 2 , 250 mM dNTPs, and 15 pmol of forward primer (5 0 -GGCAATCACATCTTCTGTGC-3 0 ) and reverse primer (5 0 -GAGCCATGAGGACAAAGAGC-3 0 ). The cycling conditions for amplification were as follows: 5 min at 96 C, 30 cycles of 30 s at 94 C, 1 min at 57 C and 2 min at 72 C and then an extra 5 min at 72 C. On 2% agarose gels, amplification of the two alleles yielded 112 and 108 bp bands, respectively. For each patient, two control experiments were analysed concomitantly for each genotype. The catechol-Omethyltransferase (COMT) VAL158MET variant (rs4608) was analysed using a polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) assay, as described previously (Kunugi et al., 1997) The MAOB rs1799836 was analysed using a PCR-RFLP assay in a total volume of 25 ml of AmpliTaq PCR buffer containing 50 ng genomic DNA, one unit of AmpliTaq polymerase (Applied Biosystems), 1.50 mM MgCl 2 , 250 mM dNTPs, and 15 pmol of forward primer (5 0 -TTCTGGCCTTTACCTTGGTG-3 0 ) and reverse primer (5 0 -GCCAGATTTCATCCTCTGGA-3 0 ). The cycling conditions involved 5 min at 96 C, followed by 30 cycles of 30 s at 94 C, 2 min at 59 C and 1 min at 72 C and an extra 5 min at 72 C. Amplification products were resolved in 5% acrylamide gels. Tsp45I endonuclease was used to characterize the A and G alleles of MAOB rs1799836.
SLC6A3 density analysis
At the study centre in Lille, we used 123I FP-CIT (Ioflupane) single photon emission computed tomography (SPECT) to examine whether or not methylphenidate reduced SLC6A3 binding in the striatum of patients with Parkinson's disease-a phenomenon that would be suggestive of a dopaminergic, pharmacodynamic action in Parkinson's disease-and the putative effect of SLC6A3 genotypes on this reduction. The SLC6A3 density analysis was performed in the morning on non-fasted patients taking their usual dopaminergic treatment, once before treatment initiation and then on Day 91 of the treatment period. The mean presynaptic SLC6A3 density 4 h after intravenous injection of 92 MBq of 123I FP-CIT was measured on a SPECT system (DaTSCAN TM , GE Healthcare) equipped with a Symbia S gamma camera (Siemens). Data acquisition and analysis were performed according to the European Association of Nuclear Medicine guidelines. A total of 120 40-s projections were acquired for each patient. Images were analysed using the Flash 3D iterative reconstruction algorithm (Siemens) with 10 iterations, eight subsets and a Gaussian pre-filter (6 mm full-width at half-maximum, yielding a pixel size of 3.3 mm). The SPECT results were compared after data registration using a mutual information algorithm, with masking of non-brain uptake and normalization against the maximum uptake value. The data were evaluated visually by two nuclear medicine physicians (G.P. and C.H.F., who were blinded to the clinical observations). A quantitative analysis was performed on the binding potential of each striatum (computed from rectangular regions of interest and after series registration).
Statistical analysis
In view of the sample size and the skewed distributions with extreme values for most of the efficacy criteria, all quantitative variables are expressed as the median (interquartile range). Qualitative variables are expressed as the number (percentage). Comparisons in efficacy criteria were performed using a nonparametric Kruskal-Wallis or Wilcoxon tests. Associations between genotypes and efficacy criteria were first studied with a co-dominant model. The Tukey-Kramer method was used to test differences between genotypes. Linkage disequilibrium and haplotype structures were determined using Haploview software (Broad Institute: www.broadinstitute.org). Hardy-Weinberg equilibrium was tested with both Haploview software and a chi-squared test with Yates' correction. Associations between haplotypes and continuous traits were assessed with Haplotype Trend Regression software (Zaykin et al., 2002) .
All comparisons were adjusted first for the total dose of L-DOPA and then for age, gender, weight, daily dose of L-DOPA and disease duration. Theses prespecified adjustments were made using non-parametric analysis of covariance (Bergersen et al., 2011) . In view of our study's exploratory nature and small sample size, we did not adjust for multiple comparisons. Statistical testing was done at two-tailed -level of 0.05. Data were analysed with SAS version 9.3 (SAS Institute).
Results

Characteristics of the study population
Between 15 October 2009 and 16 December 2011, a total of 81 patients with Parkinson's disease were screened for inclusion. Of these, 69 patients with severe gait disorders and freezing of gait (despite optimized, stable L-DOPA and subthalamic nucleus stimulation parameters) were prospectively enrolled. Sixty-one of the included patients were genotyped (Fig. 1) . The methylphenidate and placebo groups were well balanced in terms of baseline characteristics (Table 1) . On the basis of patient and caregiver interviews and fortnightly pill counts, treatment compliance was 490% for all patients, with the exception of three individuals in the placebo group and two in the methylphenidate group with values between 90% and 70%. The mean L-DOPA equivalent daily dose was 710 AE 90.8 mg/day in the methylphenidate group and 720 AE 100 mg/day in the placebo group. The data obtained from the case report form did not differ significantly from those in the video assessment: a difference of AE 2 steps was only recorded for four patients with a high number of steps (two patients from each group).
The distribution of the genetic variants complied with Hardy-Weinberg equilibrium (P 4 0.05) ( Supplementary  Tables 1-6 ). The allele frequencies for SLC6A3 polymorphisms did not differ when comparing our Parkinson's disease population with 100 control subjects (data not shown). The linkage disequilibrium between SLC6A3 rs3836790 and rs28363170 was D' = 0.89 (0.73-0.97) (r 2 = 0.62), and the linkage disequilibrium between DDC rs921451 and rs3837091 was D' = 0.939 (0.76-0.99) (r 2 = 0.58). rs3836790 5/5 or 5/6 rs3836790 6/6 rs3836790 5/5 or 5/6 rs3836790 6/6 (rs28363170 9/9 or 9/10 ) (rs28363170 10/10 ) (rs28363170 9/9 or 9/10 ) (rs28363170 10/10 ) Baseline characteristics as taken into account when analysing the association between the SLC6A3 genotype on one hand and the acute L-DOPA response and the chronic methylphenidate treatment response on the other. There were no significant differences between groups with the SLC6A3 rs3836790 and SLC6A3 rs28363170 genotypes. The effect of L-DOPA was studied on the entire genotyped population prior to randomization (n = 61). The effect of methylphenidate was only analysed in the treated group (n = 33). The median (first quartile-third quartile) values and the number (n) and percentage (%) of patients are reported. F = female; M = male; DRS = Dementia Rating Scale. The mean total electrical energy delivered (TEED) for the bilateral subthalamic nucleus stimulation was calculated as TEED = (V 2 Â frequency Â pulse width) / 2 (Koss et al., 2004) . There was no significant intergroup difference in total electrical energy delivered. L-DOPA doses are expressed in milligrams.
We did not observe any influence of the SLC6A3 genotypes or other genotypes on (i) the effectiveness of subthalamic nucleus stimulation efficacy; (ii) the levodopa dose reduction during stimulation (analysed 1 year after electrode implantation); or (iii) the stimulation parameters after 1 year and at the time of the study (data not shown).
Association between genotypes and the motor response to L-DOPA
In a co-dominant model, genotypes at SLC6A3 rs3836790 (the VNTR in intron 8) and rs28363170 (the VNTR in the 3'UTR) were associated with the response to L-DOPA (Table 2 ). There were two major and three minor haplotypes of rs3836790 and rs28363170. Analysis of the haplotype structures showed that rs3836790 allele 6 and rs28363170 allele 10 were on the same haplotype, as were rs3836790 allele 5 and rs28363170 allele 9, giving two major haplotypes: 6/10 and 5/9 ( Supplementary Table  5 ). Haplotype trend regression analyses revealed that rs3836790 and rs28363170 haplotypes were associated with the response to L-DOPA (P = 0.0003) and that the association was based on the two major haplotypes. A comparison with allelic associations showed that haplotypes were not more informative than the data on rs3836790 alone. Thus, only rs3836790 was further investigated. Regarding the relationship between rs3836790 and the response to L-DOPA, a Tukey-Kramer test revealed a significant difference between 6/6 and 5/6 genotypes (P 5 0.0001), but not between the 5/5 genotype and the other genotypes. In view of the mean response to L-DOPA (a score of 14.0) for the three patients with the 5/5 genotype relative to the mean responses for the 5/6 and 6/6 genotypes (12.2 and 17.2, respectively), we chose to pool 5/5 and 5/6 patients and compare them with 6/6 patients. Using this model for a recessive allele 6, a significant association (P 5 0.0001) with the response to L-DOPA was detected when comparing 6/6 genotypes (mean AE SD: 17.2 AE SD) with 5/5 and 5/6 genotypes (mean AE SD: 12.3 AE 2.5).
In a multivariate analysis, this association was still statistically significant when adjusted for age, gender, weight, disease duration and L-DOPA equivalent daily dose (P = 0.0004).
In co-dominant models, there were no significant associations between the response to L-DOPA on one hand and the DDC rs921451, rs3837091, MAOB rs1799836, and COMT rs4680 variants on the other (with P-values ranging from 0.402 to 0.748) ( Supplementary Table 6 ).
Associations between genotypes and improvement of gait by L-DOPA
In a co-dominant models, the genotypes at SLC6A3 rs3836790 were significantly associated with the number of freezing of gait episodes (P = 0.0132) but not with the number of steps (P = 0.062) and the completion time (P = 0.0551) (Table 3 ). In view of the low number of patients (n = 3) with the 5/5 genotype, associations between the number of freezing of gait episodes, the number of steps, the completion time and genotypes were analysed in a recessive model (i.e. 6/6 versus 5/5 + 5/6 genotypes). The analysis revealed that the SLC6A3 rs3836790 genotype was significantly associated with the number of freezing of gait episodes, the number of steps and the completion time (with P-values of 0.004, 0.02 and 0.016, respectively).
A multivariate analysis adjusted for the dose of L-DOPA gave similar significant results for the number of steps (P = 0.0009), the completion time (P = 0.001) and the number of freezing of gait episodes (P = 0.005). A multivariate analysis adjusted for age, gender, weight, disease duration and L-DOPA equivalent daily dose (or L-DOPA daily dose) revealed significant associations for the number of steps (P = 0.0005) the completion time (P = 0.001) and the number of freezing of gait episodes (P = 0.004).
In co-dominant models, there were no significant associations between the number of steps, the completion time, and the number of freezing of gait episodes on one hand and the DDC rs921451, rs3837091, MAOB rs1799836, and COMT rs4680 variants on the other (with P-values ranging from 0.165 to 0.976).
Association between the SLC6A3 rs3836790 genotype with motor and gait improvements after methylphenidate treatment A non-parametric covariance analysis adjusted for the baseline value revealed a significant association between the SLC6A3 rs3836790 genotype and an improvement in motor symptoms and gait in the ON L-DOPA condition after methylphenidate treatment (Table 4 ). No significant associations between SLC6A3 rs3836790 genotype and efficacy criteria in the OFF L-DOPA condition were detected, except for the Stand-Walk-Sit Test completion time. In a multivariate analysis adjusted for the dose of L-DOPA, the SLC6A3 rs3836790 genotype was strongly correlated with the motor UPDRS score ON L-DOPA (P = 0.002) the number of steps ON L-DOPA (P = 0.0003), the completion time OFF L-DOPA (P = 0.027), the completion time ON L-DOPA (P = 0.0009) and the number of freezing of gait episodes ON L-DOPA (P = 0.017).
In a multivariate analysis adjusted for age, gender, weight, disease duration and L-DOPA equivalent daily dose (or L-DOPA daily dose), the association was still statistically significant for the motor UPDRS score ON L-DOPA (P = 0.0005) the number of steps ON L-DOPA (P = 0.0005), the completion time OFF L-DOPA (P = 0.030), the completion time ON L-DOPA (P = 0.0001) and the number of freezing of gait episodes ON L-DOPA (P = 0.017). The same effect was observed for the SLC6A3 rs3836790 genotype (data not shown).
Association of SLC6A3 rs3836790 genotype with the striatal SLC6A3 binding
After 3 months of treatment with methylphenidate, striatal SLC6A3 expression was significantly lower (by 35%) in the methylphenidate group than in the placebo group (Table 5 ). The rs3836790 genotype was significantly associated with lower post-treatment level of SLC6A3 binding in the methylphenidate group but not the baseline (pretreatment) level of DaT binding.
Discussion
This study is the first to show that some genotypes of the SLC6A3 gene (encoding SLC6A3, previously known as DaT1) may be associated with differences in the acute motor response to L-DOPA and the chronic response of gait parameters to methylphenidate in patients with Parkinson's disease. We observed a significant mean difference of 6 points (i.e. a 17% difference) in the motor UPDRS scores when comparing patients with the genotype associated with a greater effect of L-DOPA after an acute challenge (the SLC6A3 rs3836790 6/6 genotype) and patients with the genotypes associated with a lower effect (the SLC6A3 rs3836790 5/6 or 5/5 genotypes). This association was independent of gender, weight, the challenge dose of L-DOPA and the genotypes of some other genes that may be involved in the metabolism of dopamine and L-DOPA. A systematic literature search did not detect publications dealing with a possible association between SLC6A3 genotypes on one hand and the acute motor response to L-DOPA and the acute and chronic motor response to methylphenidate on the other. More than 100 studies have assessed possible associations between variants in the SLC6A3 gene and psychiatric disorders (notably attention deficit hyperactivity disorder and substance abuse). To a lesser extent, SLC6A3 gene variants have also been investigated in Parkinson's disease as modifiers of the disease risk modifiers or the occurrence of dopaminergic-related complications (such as hallucinations, dyskinesia, and depression) ( Supplementary Table 1 ). To the best of our knowledge, only one previous study has assessed (and Table 3 Associations between the SLC6A3 rs3836790 genotype (Int8 VNTR) and changes in the severity of gait disorders during L-DOPA treatment SLC6A3
Parameter
Condition 5/5 or 5/6 (n = 28) 6/6 (n = 33) P* , † rs3836790 (the VNTR in intron 8) 5/5 (n = 3) 5/6 (n = 25) 6/6 (n = 33) -P-value
Response to L-DOPA 14.0 AE 1.0 12.2 AE 2.6 17.2 AE 4.0 50.0001 rs28363170 (VNTR in 3'UTR) 10/10 (n = 32) 9/10 (n = 21) 5/9 (n = 1) 9/9 (n = 5) Response to L-DOPA 16.8 AE 3.9 12.4 AE 3.4 14 13.8 AE 3.5 0.0003
Mean (SD) difference in the motor UPDRS score when comparing OFF and ON conditions. failed to detect) a putative association between SLC6A3 genotypes and the response pattern to an acute oral L-DOPA challenge (Contin et al., 2004) . In contrast to the latter study, the requirement for a stable L-DOPA regimen was an inclusion criterion in our present work. Furthermore, we studied a large population of subthalamic nucleus-stimulated patients, all of whom were at the same advanced stage of Parkinson's disease; this is likely to have reduced interindividual variability in the motor response and thus strengthens our results.
Dopamine transporters and the L-DOPA response
Our results suggest the presence of a highly significant association between SLC6A3 genotypes and the response to L-DOPA. SLC6A3 is the most powerful determinant of dopamine metabolism in the striatum (Gainetdinov et al., 1998) . In studies of conditions other than Parkinson's disease, it has been suggested that patients with SLC6A3 rs3836790 6/6 or SLC6A3 rs28363170 10/10 genotypes have a higher baseline levels of dopamine transporter expression than patients with other SLC6A3 genotypes (rs3836790 5/5 and 6/6, and rs28363170 9/9 and 9/10) and thus lower synaptic dopamine levels (due to greater dopamine reuptake) (Fuke et al., 2001; VanNess et al., 2005; Dreher et al., 2009; Forbes et al., 2009) . In advanced Parkinson's disease, the situation could be more critical because the presynaptic neurons within the striatum degenerate markedly (as shown by the very low baseline binding in the dopamine transporter imaging analysis). Hence, one can resonantly hypothesize that exogenous L-DOPA administration may be more effective in patients with SLC6A3 rs3836790 6/6 or SLC6A3 rs28363170 10/10 genotypes, as larger numbers of SLC6A3 in the striatum would lower baseline extracellular dopamine levels through greater dopamine reuptake. This might result in greater clinical benefit than in patients with other genotypes and lower numbers of SLC6A3 transporters (i.e. with lower dopamine reuptake and thus higher baseline extracellular dopamine levels in the striatum). However, this hypothesis cannot be proved by a SLC6A3 density analysis, which was only performed here on a subpopulation of 14 patients receiving their usual dopaminergic treatment. In fact, the objective of the SLC6A3 density was to assess the effect of methylphenidate (Table 5 ).
The SLC6A3 genotype appears to be associated with the DOPA-sensitivity of gait disorders observed in the population of patients with advanced Parkinson's disease (i.e. hypokinesia and freezing of gait) studied here. Our results suggest that to better relieve gait disorders, it may be worth increasing the dose of L-DOPA in patients harbouring the SLC6A3 rs3836790 6/6 or SLC6A3 rs28363170 10/10 genotypes. Indeed, it seems that higher dopaminergic doses are required to control gait disorders than to control segmental symptoms, as shown by the sole reduction in the frequency of freezing of gait in our L-DOPA condition. This observation also suggests that better knowledge of SLC6A3 genotypes could help the physician to define the L-DOPA treatment strategy in patients with severe gait disorders.
Dopamine transporters and the methylphenidate response
We found that SLC6A3 genotypes were also strongly associated with less severe motor handicap and gait disorders in patients receiving L-DOPA and methylphenidate (relative to placebo). This association was independent of gender, weight, and the challenge dose of L-DOPA. Interestingly, methylphenidate improved symptoms more in the OFF condition than it did in the ON condition, for which the results were more variable (Moreau et al., 2012) . The SLC6A3 genotype might explain this variability (at least in part). In the present study, methylphenidate produced an effective pharmacological blockade of dopamine transporters, as reflected by lower striatal radioligand binding relative to the placebo group (a difference of 35%). The greater benefit of the genotypes SLC6A3 rs3836790 6/6 or SLC6A3 rs28363170 10/10 seemed to be related to a higher level of SLC6A3 inhibition (by up to 29 when compared with other genotypes). One can thus hypothesize that methylphenidate inhibits a larger number of SLC6A3 transporters in patients with the SLC6A3 rs3836790 6/6 or rs28363170 10/10 genotypes, which are likely to be associated with a higher striatal extracellular dopamine levels after exogenous L-DOPA administration, greater potentiation of dopamine neurotransmission and thus greater clinical benefit. This observation might be of great value in helping to predict the risk/benefit balance of prescribing methylphenidate for severe gait disorders in advanced Parkinson's disease. Indeed, long-term methylphenidate use may be risky in elderly patients and those with a cardiac risk. Hence, the benefit of methylphenidate seems to be more pronounced for patients with SLC6A3 rs3836790 6/6 or rs28363170 10/ 10 genotypes, even though some patients with other genotypes also displayed clinical improvements. The established consequences of the SLC6A3 rs3836790 genotype suggest that the association reported here is based on functional involvement (Guindalini et al., 2006) .
Other genotypes
Our analysis of the other main gene variants involved in dopamine neurotransmission failed to show any significant associations. MAOB genotypes have been frequently studied as potential disease modifier of Parkinson's disease, with conflicting results. Only two retrospective studies have investigated the association between MAOB variants and the effect of chronic L-DOPA therapy. The results of a clinical study of a group of 95 patients with Parkinson's disease in Poland indicated that L-DOPA therapy may be efficient in individuals carrying the MAOB A allele (Bialecka et al., 2004) . A recent study of 103 patients did not find any significant differences in genotype distributions when comparing those receiving daily doses of L-DOPA above 500 mg and below 500 mg in the fifth year of treatment (Torkaman-Boutorabi et al., 2012) . In accordance with previous studies, neither the DDC nor COMT variants studied here were associated with the peak motor response to L-DOPA (Contin et al., 2005; Corvol et al., 2011; Devos et al., 2014) . In fact, DDC genotypes may be associated with the central bioavailability of dopamine (rather than peripheral bioavailability) because of the concomitant use of a DDC inhibitor. This results in a greater area under the curve for the motor response during an acute L-DOPA challenge (Devos et al., 2014) .
Limitations
Our study had several limitations. The L-DOPA dose for the acute challenge was 150% of the usual morning L-DOPA equivalent dose used by patients to relieve their symptoms. This dose was chosen with a view to obtaining the best possible motor state on L-DOPA. However, it would also have been interesting to give a fixed dose of L-DOPA to assess the effect of the patient's genotype. However, this latter paradigm would have prevented us from minimizing sources of bias influencing DOPA-sensitivity (bodyweight, etc.) . Lastly, the doses of L-DOPA used in the present study did not differ greatly from one patient to another or from one genotype group to another. In view of the large number of parameters and sources of possible bias, pharmacogenetic studies usually require very large numbers of patients to achieve sufficient statistical power. In an a posterior power calculation, we calculated the smallest significant difference in the change in the motor UPDRS score (expressed as an effect size using the standardized mean difference) between SLC6A3 genotypes (collapsed into two groups) in patients treated with L-DOPA and methylphenidate, respectively. Based on our study sample sizes and the SLC6A3 genotype distribution, we were able to detect an effect size of 0.7 for the L-DOPA group and 1.0 for methylphenidate group, with a power of 80% and an alpha risk of 5%. Both these effect sizes can be considered to be large (Cohen et al., 1992) . In view our study's exploratory nature and small sample size, we did not adjust for multiple comparisons. However, our highly standardized conditions of treatment administration and our very homogenous study population enabled us to observe statistically significant results for SLC6A3 genotypes with a smaller number of patients. All of our patients were receiving subthalamic nucleus stimulation at the same, advanced stage of Parkinson's disease. This population is highly DOPA-sensitive (i.e. with a marked difference between OFF and ON conditions). We excluded patients with Parkinson's disease with low DOPA sensitivity and the severe cognitive disorders that are frequently observed in older and non-stimulated Parkinson's disease populations. Moreover, patients with late-stage Parkinson's disease are mostly dependent on exogenous L-DOPA, which reduces bias related to the influence of endogenous dopamine when seeking to identify pharmacogenetic factors.
Although the dopamine transporter genotypes probably influenced dopamine bioavailability in the nigrostriatal pathway, our present data could not provide insight into the underlying mechanisms. To establish the dopamine transporter polymorphisms' impact on the duration and amplitude of L-DOPA efficacy, we would have had to score the motor part of the UPDRS for each patient every 15 min and calculate the area under the curve.
Conclusions and perspectives
The concept of personalized medical care guided by pharmacogenetic parameters is attractive but complex because of the many associated factors (i.e. the physician's and the patient's beliefs and fears). Hence, the goal is to establish whether or not genetic knowledge will enable physicians to adapt the dose of L-DOPA more rapidly and thus reduce long-term, L-DOPA-related complications in Parkinson's disease. We hypothesize that patients bearing SLC6A3 rs3836790 6/6 or rs28363170 10/10 genotypes would gain greater benefit from L-DOPA treatment and would require slightly lower doses and longer time intervals between doses. This knowledge would also guide the use of methylphenidate in elderly patients with cardiac risks. We also hypothesize that patients with the SLC6A3 rs3836790 6/6 or rs28363170 10/10 genotype would gain greater benefit from long-term treatment with methylphenidate. The decisional value of genotype data should be analysed in term of the risk/benefit balance and the health economic impact (i.e. the relatively low cost of genotyping versus the high cost of severe motor and gait complications). The present work is the first of several studies designed to establish guidelines on dose modulation. Our findings must first be replicated in an independent cohort. A very large, randomized, standardized, prospective study could then provide information on how the daily dose of L-DOPA might be modulated as a function of genotype in a non-stimulated population.
